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Abstract The integrins are a family of cell surface receptors 
that mediate biologically important adhesive interactions. 
Integrin-Iigand binding has been extensively studied because of 
the potential for the development of anti-adhesive therapies, but 
the molecular basis of this interaction is still poorly understood. 
A conserved region near the N-terminus of the ~ subunit appears 
to be of particular importance in ligand binding, but to date this 
domain has not been expressed in isolation. As a prelude to 
expression and potential structure determination, we have 
performed a detailed structure prediction for this region. 
Primary, secondary and tertiary structure analyses indicate that 
the region folds into a von Willebrand factor A-domain, thereby 
potentially placing a previously characterised module at the 
centre of a key functional region. 
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1. Introduction 
The integrins are a family of cell-surface receptor proteins 
which mediate cell adhesion to a range of cell-surface, soluble 
and extracellular matrix proteins [1,2). These interactions play 
key roles in a diverse range of biological processes including 
blood coagulation [3) and maintenance of tissue integrity [4), 
and the molecular basis of their function is therefore of con-
siderable interest. While much is known about the sites on 
integrin ligands which interact with the receptors, the mecha-
nism by which integrins bind their ligands is still poorly un-
derstood. 
Each integrin is made up of a non-identical a and ~ sub-
unit, of about 1000 and 800 amino acids in length respec-
tively. It is well established that the N-terminal regions of 
both the a and ~ subunits are involved in ligand binding 
[5-9), but the lack of structural information for either region 
means that interpretation of the role of specific residues in-
volved in ligand binding is very difficult. The exception to this 
lack of information is the subset of integrin a subunits which 
contain von Willebrand factor A-type domains (known as 
VWFA domains, sometimes referred to as A- or I-domains). 
Here, the VWF A domains have been shown to reproduce 
much of the ligand binding function of the parent integrins 
in which they occur [10-12). VWFA domains are --200 ami-
no acids in length and are found in a large number of proteins 
[13). Crystallographic studies have shown that the aM and aL 
VWF A domains have a Rossmann fold-like structure, with a 
central ~ sheet sandwiched between two layers of a helices 
[14, IS). This fold is formed by a secondary structure arrange-
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ment of an approximately alternating series of ~ strand-a 
helix-~ strand etc. The VWF A domains contain a conserved 
Mg2+ binding site made up of a DxSxS motif, a serine residue, 
and an aspartate residue, from three non-contiguous regions 
[16). 
Lee et al. [14), in their description of the structure of the 
aM VWF A domain, commented on the presence of a VWF A 
domain-like DxSxS motif in the region of the integrin ~ sub-
unit known to be involved in ligand binding. Furthermore 
they were also able to show that consensus hydropathy plots 
for the VWF A domains and the ~ subunit could be favour-
ably superposed, aligned around the DxSxS sequences. They 
therefore proposed that the ligand-binding region of the ~ 
subunit might comprise a VWF A domain. This would place 
a domain with known ligand-binding properties at the ligand-
binding region of the ~ subunit, providing an explanation for 
the function of this region and permitting rational interpreta-
tion of studies. The suggestion of a VWF A domain at this 
location of the ~ subunit has therefore aroused considerable 
interest. 
Any sequence similarity between the ~ subunit and the 
VWF A domains is in the equivocal 'twilight' region and ob-
vious similarities are confined to the vicinity of the DxSxS 
sequence, thereby providing few residues which could be mu-
tated to clearly indicate structural similarity. The traditional 
approach to identifying a VWF A domain in the ~ subunit 
would be by cloning and expression of the region followed 
by crystallography. However, the disulphide bonding of the ~ 
subunit, and its potential intermolecular interactions with 
other regions of the integrin, mean that expression of this 
domain in isolation has proved and may continue to prove 
complex. Consequently we have decided to use computer-
based sequence analysis to test the hypothesis that the ~ sub-
unit contains a VWFA domain. 
2. Materials and methods 
Sequence analysis was carried out either using the BBSRC SEQ-
NET facility (Daresbury, Cheshire, UK) or by means of programs run 
on a Silicon Graphics 4D 240/GTX workstation. Multiple alignments 
were carried out using CL UST AL W [17], with default parameters, 
and manually adjusted where necessary using LINEUP [18], SO MAP 
[19] or VISTAS [20]. 
Amino acid matrices for data base scanning were generated and 
used to search the PIR database using the PROFILE group of pro-
grams [21]. Matrix generation and searches were carried out using 
default parameters. 
Secondary structure predictions were carried out using PHD [22]. 
Multiple alignments were submitted bye-mail for prediction to Pre-
dictProtein@EMBL-Heidelberg.de. 
Tertiary structure predictions were carried out using the THREA-
DER algorithm [23] running on a Silicon Graphics 4D 240/GTX 
workstation. This program optimally threads the query sequence 
onto a library of template folds to give the folds with the best ener-
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Fig. 1. Multiple alignment of human integrin ~ subunit sequences. Alignments were carried out using CLUSTALW [17]. Secondary structure 
prediction was carried out by means of PHD [22]; E = ~ strand, H = a helix, otherwise loop. Conserved residues are shaded; the region identi-
fied by Lee et al. [12] as resembling the DxSxS motif seen in VWFA domains is boxed. intbl, human integrin ~I; intb2, human integrin ~2; 
etc. 
getic matches. Default parameters were used for all reported data. 
Tertiary structure prediction was also carried out using the algorithm 
of Fischer and Eisenberg [24]. This program used secondary structure 
information (predicted by PHD for an alignment of probe sequences) 
to inform the threading process, thereby improving the accuracy of 
predictions. Prediction was carried out by submitting the probe se-
quence to the web site server address http://www.mbi.uc1a.edulpeople/ 
fischer/BENCH/benchmarkl.html. 
3. Results and discussion 
3.1. Multiple alignment of the integrin ~ subunit 
It is accepted that multiple alignments yield more structural 
information than individual sequences. A multiple alignment 
of the human integrin ~1-~8 sequences was therefore con-
structed and used for all subsequent analyses. The alignment 
extended from the immature N-terminus of the ~ subunit to 
the transmembrane region (Fig. I). Sequences from non-hu-
man species were not included in the alignment as preliminary 
data indicated that the inclusion of these did not make a 
major contribution to the spread of sequence diversity in 
the alignment. 
3.2. Primary sequence analysis 
The VWFA domain DxSxS motif which Lee et al. [14) 
observed in the integrin ~ subunit lies near the N-terminus 
of the VWF A domain, in a region conserved between domains 
[16). In order to test this apparent similarity in detail, a data-
base searching matrix was generated for a comparable con-
served region of a putative ~ subunit VWF A domain, posi-
tions 163-174 in Fig. I, which includes the DxSxS motif. The 
matrix was used to search the PIR database, and results of the 
search are shown in Table I. Of the top 31 matches, 28 were 
against integrin ~ subunit sequences, as expected. Matches 23, 
Table I 
27 and 29 were against VWF A domain-containing proteins, as 
were matches 35-37. Examination of these matches (data not 
shown) demonstrated that they were against appropriate re-
gions of the VWFA domain. Matches 32-34 were against 
proteins which do not have VWF A domains and were judged 
to be false positives by examination of the sequence match. 
Matrix scanning therefore demonstrates a primary sequence 
match between the integrin ~ subunit and the VWF A domain 
in this region, confirming and extending the similarity between 
the VWF A domain and the integrin ~ subunit. 
3.3. Secondary structure prediction 
The secondary structure of VWF A domains is an approxi-
mately alternating series of ~ strand-a helix-~ strand etc. 
[14,15). To examine the secondary structure of the integrin ~ 
subunit, secondary structure prediction was carried out using 
PHD [22), which is approximately 72.2% accurate for a 3-state 
prediction. The resulting prediction is given in Fig. 1. As dis-
cussed above, the region of the ~ subunit which was seen to 
resemble the VWF A domain lies at its beginning of the do-
main. A VWF A domain in the ~ subunit would therefore start 
at - position 161 (Fig. I). The secondary structure of the ~ 
subunit C-terminal to this point was studied and was found to 
be an approximately alternating series of ~ strand-a helix-~ 
strand etc., resembling the VWF A domain. This pattern ex-
tended to position 408, giving a putative domain of 249 amino 
acids, comparing favourably with the - 200 amino acids seen 
for VWF A domains. 
Since no programs currently exist for the determination of 
protein domain boundaries, the domain structure of the in-
tegrin ~ subunit cannot be specifically studied. However, in 
support of a domain boundary at the commencement of a 
putative ~ subunit VWF A domain, genome sequencing has 
Matches from searching PIR database with a matrix generated for positions 163-174 of the ~ subunit alignment 
Number of match 
I 
2 
3 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
Z score 
8.68 
8.65 
8.63 
8.05 
7.97 
7.93 
7.74 
7.24 
7.21 
6.50 
6.49 
6.20 
6.17 
6.12 
5.89 
5.84 
5.81 
5.80 
5.77 
Protein 
integrin ~7, mouse 
integrin ~7, mouse 
integrin ~PAT3, C. elegans 
integrin ~2, chicken 
complement component C2, guinea pig 
integrin ~ subunit, Drosophila 
integrin ~8, chicken 
integrin ~8, rabbit 
integrin ~8, human 
TRAP, P. Jalciparum 
sporozoite surface protein, P. Jalciparum 
integrin ~4, human 
integrin ~4, mouse 
probable olfactory receptor tpcr 120, human 
E7 papilloma virus, human 
hypothetical protein HI0593, H. injluenzae 
collagen al(VI), human 
collagen al(VI), human 
collagen al(VI), human 
Contains VWF A domain 
+ 
+ 
+ 
+ 
+ 
+ 
Z score is a normalised measure of distance of a match from the background level of matches against the whole database, where the majority of 
matches are not genuine. Z score = ((normalised score for match minus average normalised score)lnormalised standard deviation). 
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Table 2 
Tertiary fold prediction for the integrin ~ subunit (positions 161-408) using the THREADER algorithm [23] 
~1 subunit ~3 subunit 
Brookhaven code Protein Z score Protein structure Brookhaven code Protein Z score Protein structure 
1DHR dihydropteridin reductase -3.08 Rossmann fold 1MFA immunoglobulin L chain -2.87 Ig fold 
1NAR narbonin -2.76 Tim barrel 1DHR dihydropteridin reductase -2.82 Rossmann fold 
A5TIM triose phosphate isomerase -2.37 Tim barrel 1 A YH glucanase - 2.60 ~ sandwich 
1PPN papain -2.23 Segregated a+~ ISIM sialidase -2.59 ~ propeller 
IGKY guanylate kinase -2.10 a-~-a sandwich ElCSE subtilisin -2.49 a-~-a sandwich 
Z score = «energy of match minus mean energy)/standard deviation) for calculated pairwise energies for each fit. Z scores greater than -2.0 are 
very poor, those less than -3.0 are likely to be correct predictions. 
identified a phase 1 intron in the codon for position 146 which 
is conserved between human ~2, ~3, ~7, C. elegans ~pat-3 and 
Drosophila ~PS integrin subunits [25]. Conserved phase I in-
trons are good indicators of ancestral domain boundaries [26] 
and there are no other conserved phase 1 introns in the ex-
tracellular region of the ~ subunit. 
Regarding the C-terminus of a putative VWF A domain 
ending at ,..., position 408, the PHD prediction of ~ strands 
alone for the remaining C-terminal portion of the ~ subunit 
(positions 409-800) is consistent with the observation that 
positions 498-674 comprise 4 EGF-like domains [27]. How-
ever, this does not account for all the sequence in this region 
and the regions flanking the EGF repeats were therefore ex-
amined for similarities to known domains/proteins. Although 
none were found, the region 409-497 (between the putative 
VWFA domain and the EGF domains) was matched with a 
low Z score ( < - 3; i.e. a good match) to ~ sandwich struc-
tures using the tertiary fold matching program THREADER 
[23] (data not shown). 
Secondary structure prediction therefore supports a domain 
with similar secondary structure to that of the VWF A extend-
ing from ,...,positions 161-408, and evidence can be presented 
to support the proposed domain boundaries. 
3.4. Tertiary structure prediction 
The secondary structure predicted for pOSItIOns 161-408 
could adopt a number of tertiary folds. Sequences from this 
region were therefore used as the probe sequence for the ter-
tiary structure prediction algorithm THREADER [23]. Here, 
the probe sequence is optimally threaded onto a library of 
tertiary structure folds and the optimal folds taken as indicat-
ing likely three-dimensional structures for the probe sequence. 
To provide an appropriately controlled method, sequences 
from the two most divergent ~ subunits, ~ 1 and ~3, were 
used; results are shown in Table 2. The consensus prediction 
for positions 161-408 was a Rossmann fold/a-~-a sandwich, 
i.e. the structure of the VWF A domain (VWF A domain struc-
tures were not represented on the fold library used for these 
searches). Other predicted folds either ignored the a helix 
content (e.g. ~ sandwich) or represented alternative ways of 
organising the secondary structure (e.g. TIM barrel), and were 
not predicted for both probe sequences. 
Tertiary structure prediction was also carried out by means 
of the algorithm of Fischer and Eisenberg [24]. This uses the 
PHD secondary structure prediction, derived from an align-
ment of the ~3 probe sequence with related sequences, to 
improve the accuracy of the fold matching. The best match 
was to the aL VWFA domain [15], with a Z score of 5.53, 
which falls within the algorithm's confidence threshold of 
4.8 ± 1.0. This algorithm therefore clearly matched the region 
161-408 to the VWF A domain. 
3.5. Aligning the putative ~ subunit VWFA domain with the 
VWF A domain family 
From the above data it can be seen that primary, secondary 
and tertiary structure criteria predict that the region 161-408 
of the integrin ~ subunit comprises a VWF A-like domain. 
Therefore, this region of the ~ subunit was aligned with the 
VWFA domain family. The resulting alignment is shown in 
Fig. 2. Based on this, a diagrammatic representation of the 
putative ~ subunit VWF A domain is given in Fig. 3. A repre-
sentation showing the essential structural features of the aL 
and aM VWF A domains is shown for comparison. 
All the structural elements seen in the aM and aL VWF A 
domains could be aligned with elements predicted by PHD for 
the ~ subunit. A number of regions of similarity between the ~ 
subunit putative VWF A domain and the VWF A domain fam-
ily were observed in addition to positions 163-174 (corre-
sponding to positions 19-30, ~ strand A, in Fig. 2) which 
have been commented on above. In particular, the VWF A 
domain sequence in the region of ~ strand D (Fig. 2,3) aligned 
well with ~ subunit sequence. These two regions are particu-
larly important as they form the core of the VWF A domain 
structure [14,15] (Fig. 3), and the conserved DxSxS motif 
from ~ strand A and aspartate 201 (Fig. 2) are involved in 
cation coordination in the VWF A domain. 
Fig. 2. Alignment of key divergent members of the VWF A domain family with the putative VWF A domain of the integrin ~ subunit. Diver-
gent and representative members of the VWF A domain family are shown although initially a large alignment of VWF A sequences from a 
range of proteins was constructed to help define conserved residues. Shaded residues indicate regions of similarity. The secondary structural as-
signments determined from the integrin aM VWFA domain [l2J are given above the alignment. The PHD secondary structure derived for the 
~ subunit is given below it. I_I marks disulphide bonds [29]. CFAB, human complement factor B; C02, human complement component C2; 
ITA2, human integrin a2; ITAM, human integrin aM; VWF1, human von Willebrand factor AI domain; VWF2, human von Willebrand fac-
tor A2 domain; co116N1, human collagen a1(VI) NI VWFA domain; co126CI, human collagen a2(VI) C1 VWFA domain; coil 122, chicken 
collagen a1(XII), second VWFA domain; co136N6, human collagen a3(VI) N6 VWFA domain; co136N2, chicken collagen a3(VJ) N2 VWFA 
domain; ITB1, human integrin ~1, ITB2, human integrin ~2, etc. 
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Fig. 3. Diagrammatic representation of the predicted VWFA of the integrin ~ subunit (A), based on the integrin aL and aM VWFA domain 
structures, with a representation of the essential structural features of the VWF A domains of integrin aL and aM for comparison (B). The dia-
gram shows ~ strands (arrows), a helices (cylinders) and loops (lines); loop lengths are exaggerated for overall clarity. The metal ion (M) and 
coordinating residues are also marked. 
Important differences between the putative ~ subunit 
VWF A domain and the VWF A domain family were seen: 
(i) The coordinating threonine seen in most VWF A do-
mains (position 157 in Fig. 2) is not matched by a similar 
residue in the ~ subunits. However, this may not be detrimen-
tal to the model as this residue is not always involved in direct 
coordination to the cation in all VWFA domains [15,28) and 
adjacent glutamate and aspartate residues in the ~ subunit 
could provide coordination. 
(ii) Comparison of the ~ subunit and VWF A domain se-
quences shows two insertions, one between ~ strands Band C 
and one between ~ strand D and a helix 5. The first of these 
two insertions has little or no predicted structure but appears 
to be supported by a disulphide bond [29). This loop lies near 
the extremity of the domain, near a region with poor sequence 
conservation (~ strand C and a helix 2) and inserted sequence 
may therefore be tolerated at this point. The second loop 
represents a major departure from the VWF A domain, as it 
lies near the centre of the domain, projecting from it. Second-
ary structure prediction indicates that this region contains 
some ~ strands, perhaps forming a small sheet. This region 
appears to be stabilised by a disulphide bond to a helix 4. 
3.6. Comparing integrin and VWFA domain function 
Functional studies have identified positions '" 161-411 of 
the integrin ~ subunit alignment (Fig. 1), which is well con-
served between ~ subunits, as containing regions involved in 
ligand binding [6-8). Since this region corresponds to the pu-
tative VWF A domain, recent findings on the function of 
VWF A domains can now be compared to what is known of 
integrin ~ subunit function: 
(i) Most VWF A domains bind or are predicted to bind 
cations; cation binding for the ~ subunit has also been dem-
onstrated [30). Related to this, the DxSxS motif is important 
for VWFA domain function [12,31); the DxSxS motif is also 
important for integrin function [6). 
(ii) The helix a2-a3 region in VWF A domains is the site of 
an anti-functional mutation [31). As this site is distal to the 
likely ligand binding site on the top face of the molecule, this 
mutation probably has an allosteric effect; activating and in-
hibitory anti-integrin ~1 antibodies map to positions 124-139 
(Fig. 3), which is predicted to correspond to the a2-a3 region 
in the ~ subunit (32). 
The loop between ~ strand D-a helix 5 region has been 
shown to play a major role in VWF A binding to its ligands 
[33,34); The insertion in this region in the ~ subunit therefore 
lies at a key site and this region may play a role in ligand 
binding. 
4. Conclusions 
The N-terminal region of the integrin ~ subunit is currently 
the subject of much interest because of its key role in integrin-
ligand binding [35). The complexities of expression and crys-
tallography of integrin fragments have meant that these tech-
niques have been slow to characterise functional units within 
integrins or to define their mechanisms. We have therefore 
used a range of computer-based sequence analysis tools to 
examine the structure of the integrin ~ subunit, in particular 
positions 161-408. Primary structure comparisons indicate 
that positions 163-174 are homologous to the N-terminal re-
gion of the VWF A domain. The predicted secondary structure 
for the ~ subunit indicates a region with VWF A domain-like 
secondary structure extending from positions 161-408, and 
tertiary structure predictions indicate that this region adopts 
the same fold as the VWF A domain. Finally, VWF A domains 
and positions 161-408 of the integrin /3 subunit can be 
aligned, demonstrating further primary sequence similarities. 
Positions 161-408 of the integrin /3 subunit are therefore pre-
dicted to comprise a VWF A domain. Since regions within 
positions 161-408 have been shown to playa role in inte-
grin-ligand binding, our prediction places a known domain 
with established ligand-binding properties at the known li-
gand-binding site of the integrin. Our prediction aIlows inter-
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pretation of existing data on the integrin ~ subunit and pro-
vides a framework for research into this key region of the 
integrin. 
5. Note 
While the manuscript was under review, we became aware 
of the papers of Puzon-McLaughlin, W. and Takada, Y. 
(1996) J. BioI. Chern. 271, 20438-20443, and Tozer, E.C., 
Liddington, R.e., Sutcliffe, M.J., Smeeton, A.H. and Loftus, 
J.e. (1996) J. BioI. Chern. 271, 21978-21984. Both papers 
describe mutagenesis studies which identify key functional res-
idues in the region of the ~ subunit corresponding to the 
predicted VWFA domain. Tozer et a!. also present a model 
for the putative VWF A domain which differs substantially 
from the one presented here. Examination of the model of 
Tozer et a!. indicates that the difference in models is primarily 
due to less accuracy being credited to the PHD secondary 
structure prediction (Q3 of 54.6% as opposed to the current 
value of 72.2%). In addition, our model is based on results 
from a number of predictive tools. The model presented here 
provides a framework for the interpretation of the mutagen-
esis data from these papers. 
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